Light vector-like quarks with non-renormalizable couplings to the Higgs are a common feature of models trying to address the electroweak (EW) hierarchy problem by treating the Higgs as a pseudogoldstone boson of a global (approximate) symmetry. We systematically investigate the implications of the leading dimension five operators on Higgs phenomenology in presence of dynamical upand down-type weak singlet as well as weak doublet vector-like quarks. After taking into account constraints from precision EW and flavour observables we show that contrary to the renormalizable models, significant modifications of Higgs properties are still possible and could shed light on the role of vector-like quarks in solutions to the EW hierarchy problem. We also briefly discuss implications of higher dimensional operators for direct vector-like quark searches at the LHC.
where v = (
246 GeV is the EW condensate, the condition for cancelation of one-loop quadratic divergences from such interactions can be put into the following simple form
The appearance of new operator contributions already at dimension five is a singular feature of effective theories with new light vector-like fermions and intrinsically connected to the resolution of the SM hierarchy problem within such scenarios. These dimension five contributions are thus expected to represent the dominant probe of new dynamics in the UV. At the same time one should keep in mind that unless the vector-like quarks are related to the SM field content by a symmetry, such cancelation of quadratic divergences is fine tuned in general. Furthermore, if one considers the running of the leading vector-like quark operator and the SM couplings, even if tuned to cancel at one scale, the quadratic divergences will not cancel at other scales. Thus, the effective theory discussion concerning EW naturalness should be understood under the implicit assumption that the relation (2) is enforced by symmetry in the UV complete theory. Furthermore, even though a (symmetry enforced) relation (2) removes the quadratic UV sensitivity of the Higgs potential, logarithmically divergent contributions remain present in the effective theory. The biggest resulting shift to the bare Higgs mass (δm h ) is now due to the new heavy quark states with bilinear couplings to the Higgs. Assuming a single such state (f ) cancelling the one-loop quadratically divergent contribution to δm h of the top quark, the dominant remaining correction is of the form
where the result was obtained using a hard UV cut-off of the loop momentum integral and equating it with the cut-off scale of the effective theory Λ. We immediately observe that allowing for only moderate fine-tuning (requiring conservatively δm Treating the Higgs as a composite field of a strongly interacting theory leads to the appearance of a number of dimension six operators affecting flavor, EW and Higgs observables (c.f. [5] ). However, in models where the new vectorlike quarks (possibly mixing with the chiral quark multiplets) and the Higgs are the lightest composite remnants of the strongly interacting sector, the dominant effects are expected from operators involving these fields. It is therefore meaningful to focus primarily on the leading dimension five contributions. 1 It turns out that they can always be parametrized in a way that preserves the form of gauge interactions of the renormalizable theory. Therefore the only way to approach and constrain such terms is by studying their impact on Higgs phenomenology, which is the main topic of the present work.
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The paper is structured as follows. In Sec. II we present some general considerations of models with vector-like quarks including generic flavor, electroweak and Higgs constraints on their interactions, stemming from renormalizable as well as leading dimension five non-renormalizable terms in the effective Lagrangian. Then in Secs. III -V we consider three specific model examples and analyze their viability in light of the derived direct and indirect constraints. For simplicity we will consider examples where vector-like quarks appear in existing weak representations of SM chiral quarks, thus allowing for kinetic mixing with chiral quark multiplets, with interesting phenomenological consequences. We summarize our conclusions in Sec. VI. Several supporting derivations and analyses of experimental constraints have been relegated to the appendices.
II. GENERAL CONSIDERATIONS A. Renormalizable models
Since all vector-like quark models under consideration only contain colored fermions in SM gauge representations and charges, we can start by considering the mass matrices of the up-and down-type quarks in the weak (chiral) eigenbasis
where the indices i, j run over all dynamical quark flavors (including new vector-like generations). The mass matrices M u,d can be diagonalized via bi-unitary rotations as
. Consequently, the gauge and Higgs interactions of physical quarks in the mass eigenbasis can be written in the general form (c.f. [8] )
where P R,L = (1 ± γ 5 )/2, g = 2m W /v 0.65 is the weak coupling, while s W √ 0.23 and c W = 1 − s 2 W are the sine and cosine of the weak angle, respectively. J 
Thus, non-standard Higgs interactions in such renormalizable models with extra quarks are necessarily constrained by charged and neutral weak currents among the known three generations of quarks. For example, the departures of V L from 3 × 3 unitary matrix and the appearance of a non-zero V R are constrained by precisely measured tree level charged current processes. 
ii . The entries of V R on the other hand, are also constrained at the tree-level by searches for right-handed charged currents (c.f. [11] for a recent analysis). Unfortunately, without information on the matrix elements involving also extra quarks present in the model beyond the known SM generations, these cannot be directly related to Z and Higgs couplings (Y u,d ) . In addition, one can obtain tree-level constraints on the off-diagonal entries of X u,d and Y u,d directly from their contributions to Z-mediated FCNCs of up-or down-type quarks. In all scenarios we consider, either nonstandard X u,d ij = δ ij or Y ud ij = 0 are generated but not both. In this case the bounds on non-diagonal entries of
(see Appendix B for details). Finally, electroweak measurements provide strong tree-level constraints also on the diagonal entries of X u,d and Y u,d corresponding to the five light quark flavours (see Appendix C for details).
The main consequence of the above discussion is that in renormalizable models with additional vector-like quarks, Higgs couplings to the known three generations of quarks, except possibly the top (i.e. X u tt , Y u tt ), must remain SM-like, irrespective of the spectrum or interactions of additional heavy quarks. This is because they are rigidly related to the corresponding Z couplings, and thus subject to severe constraints from charged and neutral weak currents. In order to possibly obtain more interesting Higgs phenomenology, we are thus led to consider effects of higher-dimensional operators.
B. Including non-renormalizable Higgs interactions
Treating the SM as an effective field theory with particle content valid below a UV cut-off scale Λ, it is well known that the leading higher dimensional operators involving quark fields are of dimension six, a virtue of the chiral nature of weak interactions in the SM. Thus, effects of NP degrees of freedom appearing above Λ in low energy observables are suppressed by at least two powers of 1/Λ. On the other hand, in presence of dynamical vector-like quarks, the leading non-renormalizable operators can appear already at dimension five. In general, they are of the form H † HQQ and H † HqQ, where q denotes the SM chiral quark multiplets. 3 The main consequences of these new interactions are (i) direct di-Higgs coupling to physical quarks [x ij in eq. (1)] with possible implications for the SM hierarchy problem; (ii) modifications of single Higgs -quark couplings [y ij in eq. (1)] not related to weak neutral or charged currents. In the quark mass eigenbasis these additional contributions can generally be written as
where Λ is the UV cut-off scale of the effective theory encompasing the SM together with a number of additional quark-like states. First note that the appearance of X u,d ij couplings of the known three generations of quarks to the Higgs is a manifestation of mixing between chiral and vector-like quarks, which is in general unrelated and thus 3 In the following we do not consider operators of the formQ(σ · G)Q andq(σ · G)Q, where σµν = i[γµ, γν ]/2 and Gµν ∈ {T a G a µν , τ a W a µν , Bµν } stands for the three SM gauge field strengths, since these are not directly related to Higgs phenomenology. If the vector-like quarks mix with the SM generations, they will induce anomalous dipole gauge interactions of SM quarks at order 1/m Q Λ, where m Q is the vector-like quark mass scale, and can be constrained from precision electroweak, flavor and collider observables (c.f. [14] ). Modulo fine-tuned cancelations in these constraints, their presence would thus not affect our analysis.
unconstrained by charged and neutral weak currents. On the other hand, naturalness of the hierarchical quark mass spectrum would require |X q ij X q ji * |v 4 /Λ 2 < m i m j [15] . In order to keep our analysis as general as possible, we shall not impose such a condition on the parameter space of our models, although one should keep it in mind. The off-diagonal values of X u,d are constrained by low energy flavour observables [16] . In the up-sector, |X 
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Potentially the most striking tree-level effects on Higgs phenomenology in non-renormalizable vector-like quark models are thus modifications of the flavor diagonal Higgs couplings to lighter quarks. In particular, in the SM the the total Higgs decay width is dominated by the h → bb channel, the first hints of which have also been observed at the LHC [17, 18] . The modifications of y bb in eq. (1) can thus have important consequences for all experimentally observed Higgs signals. Similarly, while the h → uū, dd, ss or h → cc decays are very suppressed in the SM and also cannot be reconstructed at the LHC due to the large QCD backgrounds, they can contribute to the total Higgs decay width in case of non-zero X u,d
ii . In particular, defining ∆γ ii /Λ would necessarily violate the corresponding quark mass naturalness conditions) and that a non-trivial constraint on X u,d ii can in principle be obtained from the total Higgs decay width. This rises a question of importance of uu → h (or to a lesser extentdd → h) production mechanism compared to the dominant gg → h mode at the LHC and Tevatron. In the zero-width approximation and at leading order in QCD, the ratio of the relevant hadronic cross sections in the two cases can be written as
where τ ≡ m 2 h /s with s being the invariant collider energy squared. The relevant luminosity functions at hadronic (p 1 p 2 ) colliders are given by
where f pi qj are the corresponding parton distribution functions (pdfs). Using the LO MSTW2008 [19] set, with the factorization and renormalization scales fixed to m h 125 GeV, the ratio L uu pp /L gg pp for √ s = 7 TeV and √ s = 14 TeV is 3.9% and 2.3% respectively. 5 Thus, even assuming comparable h → uū and h → gg decay rates, the up-quark contribution to Higgs production at the LHC is below the ∼ 12% theoretical uncertainties [20] of the dominant gluon fusion production cross section. Conversely, at the Tevatron, we find the relevant ratio L uu pp /L gg pp for √ s = 1.96 TeV to be sizable 26%. However, given the low statistics in the gluon fusion Higgs production channel at the Tevatron [21] , this again gives no relevant constraint on Γ(h → uu). In the future, enhanced di-Higgs production at the LHC could possibly offer a competitive constraint on X u uu /Λ . In particular, the relevant LO hadronic cross section is given by
and β h = 1 − 4m 2 h /ŝ. Using the same pdf parameters as above we obtain σ(pp → hh) 
C. Impact of existing Higgs data
Most interesting effects involving light vector-like quarks in Higgs phenomenology appear at the one-loop level. In general, Higgs-fermion interactions of the form (1) will contribute to gluon fusion production and di-photon decay of the Higgs at one loop
where d(r i ) and C(r i ) are the dimension and index of the color representation of f i , respectively, and Q i is its electric charge. The relevant loop functions F 1 (τ ) and F 1/2 (τ ) can be found e.g. in ref. [23] , and τ i ≡ m 2 h /(4m 2 i ). In the limit of large fermion mass, F 1/2 (τ ) → F 1/2 (0) = 4/3. In the SM, gluon fusion production, gg → h, is dominated by the top quark loop with (1/2)F 1/2 (τ t ) = 0.688, with minor contribution from the bottom quark (1/2)F 1/2 (τ b ) = −0.04 + ı0.06. Conversely, Higgs decay to two photons in the SM is dominated by the W boson loop yielding F 1 (τ W ) = −8.34, and interfering destructively with the top quark contribution of (4/3)F 1/2 (τ t ) = 1.84. It turns out that lighter quark contributions to loop induced Higgs processes are negligible even if their couplings to the Higgs saturate the limits from ∆γ as discussed below.
In order to evaluate the current constraints on modified Higgs interactions, we analyze the latest available Higgs data, presented in Table I . Our procedure follows closely those of similar previous analyses [24] and we refer the reader to those references for a detailed discussion of the current issues in using the data set.
Measurements are given in terms of Higgs signal strengths normalized to SM predictions
where A → h and h → B stands for different production mode and decay channel, respectively. Experimental best-fit values and variances are denoted byμ i andσ 2 i , respectively. Experimental collaborations generally provide plots with separate contribution from VBF plus VH, and from ggF plus ttH production channels for a given decay channel. In this case, we take into account their correlation, obtaining a correlation parameter ρ by reproducing the plots. The contribution from these decay channels to the total χ 2 function is
where GF stands for ggF+ttH, and V F stands for VBF+VH, and index i runs over decay channels. 6 If the separation into production modes is not provided, we use the data from different search categories for a particular decay channel, which generally target certain production mechanism, but does not imply 100% purity. Inclusive categories are dominated by ggF (∼ 90%), while VBF-tagged categories can have 20% to 50% contamination from ggF. VH-and ttH-tagged categories are assumed to be pure. In this case, we write
where ξ i represent contributions of the specified production mechanisms for the given category. We do not assume correlations here, and add each search category to χ 2 separately,
6 ttH contribution in GF is less then 1%. . We take into account the recent evaluation [20] of ggF production in the SM at approximate N 3 LO in perturbative expansion, which exhibits a 17% shift with respect to the values adopted by experimental collaborations, by rescaling central values for signal strengths which depend on ggF production by a factor 1/(1+0.17ξ ggF ). On the other hand, we have checked that the resulting slightly reduced theory error (from 14% to 12%) has negligible effect on the reported variances. Finally, we note that using 7 TeV and 8 TeV data combinations introduces potentially non-negligible effects due to the different parton luminosities when constraining NP. We expect however these to be subleading compared to the overall theoretical uncertainty, especially in light of our ignorance of higher order QCD effects in NP contributions.
In the following, we present results of our analysis. The SM is in overall very good agreement with the data. The associated χ 2 for 19 observables presented in Table I is χ 2 SM = 16.2 corresponding to a p-value of 0.64. Within the vector-like quark scenarios, all the modifications to Higgs signal strengths can be expressed in terms of four parameters, R gg , R γγ , R bb and ∆γ, where
In particular, one can write
The modification of the total Higgs decay width coming from R gg , R bb and ∆γ is taken into account by writinĝ
where ∆γ is constrained to ∆γ > 0. We consider four different scenarios, with different choices of the fitting parameters. In each case, the best-fit point is determined by minimizing the χ 2 function. Results are presented in the (R gg , R γγ ) plane, after marginalizing over the other parameters. We define 68.2% (1σ) best-fit region to satisfy χ First, we take R gg and R γγ as fitting parameters, while fixing R bb and ∆γ to their SM values. This applies to scenarios, where the couplings of SM quarks to the Higgs (the Yukawas) are not modified, while R gg and R γγ receive new loop contributions. In models with vector-like quarks this corresponds to the limit of zero mixing between the chiral and vector-like quarks. The minimum of the χ 2 corresponds to a point (R gg , R γγ ) = (0.71, 1.30) with χ 2 min = 12.7 and p-value 0.76. Second, we take R gg , R γγ and ∆γ as fitting parameters, while fixing R bb = 1. This corresponds to scenarios where the vector-like quarks do not mix with the b quark, but possibly with the lighter quark generations (see [32] for a recent model example). In this case, the point (R gg , R γγ , ∆γ) = (0.79, 1.33, 0.12) corresponds to the minimum of the χ 2 , with χ 2 min = 12.6 and p-value 0.7. The results for the first two scenarios are presented on the left plot in Fig. 1 . For the first scenario, 1 σ and 2 σ contours are represented by (darker) red and (lighter) orange curves, respectively.
In the third case, we take R gg , R γγ and R bb as fitting parameters, while fixing ∆γ to its SM value. This case applies to the most studied scenarios in the literature, where the vector-like quarks only mix with the third generation (c.f. [33] for a recent study). The minimum of the χ 2 corresponds to a point (R gg , R γγ , R bb ) = (0.70, 1.29, 0.97) with χ 2 min = 12.7 and p-value 0.69. In the last case, we take all four parameters to fit the data, corresponding to the most general case of vector-like quarks mixing with all three SM generations. Here, the minimum of the χ 2 corresponds to a point (R gg , R γγ , R bb , ∆γ) = (0.73, 1.31, 0.74, 0.2) with χ The main observation at this point is that allowing for a modification of R bb and/or ∆γ (non-zero mixing of vectorlike quarks with some of the SM chiral quarks) significantly increases the allowed range of R gg , while it has much less of an effect on R γγ . This has important implications for constraining vector-like quark models using Higgs data, since these generically predict much larger effects in R gg . In the following sections we apply these general results to a few simplest SM extensions with a single light vector-like quark state below the effective theory cut-off Λ.
III. SINGLET UP-TYPE VECTOR-LIKE QUARK A. Renormalizable model
As a first example, we consider the SM extended by a vector-like quark pair (U L , U R ) in the 1 2/3 representation of the SM electroweak group. In the most general renormalizable model the quark Yukawa interactions and mass terms can be described by the following Lagrangian
L the SM quark doublets and u i R the SM up-type quark singlets. Note that additional kinetic mixing terms of the form U L u i R can always be rotated away and reabsorbed into the definitions of y u,U . Furthermore, one can, without loss of generality, choose a weak interaction basis where y u is diagonal and real. After EW symmetry breaking (EWSB) the mass matrices for up-and down-type quarks are
The weak gauge and Higgs interactions of 4 (u, c, t, u ) physical up-like and 3 (d, s, b) down-like quarks in this (mass) eigenbasis are given by eqs. (5)- (7), where
and that tree level constraints on the entries of X u already severely constrain the admixture of U within the physical u and c quarks. In particular, we find for the 3 × 3 sub-matrix of X u describing Z and Higgs couplings to known up-type quark flavours
0.001 2.1 × 10 −4 0.14 0.0026 0.14 0.13
Loop-level u effects provide better constraints only on the mixing of the vector-like singlet quark with the top quark.
Neglecting the small mixing with the first two generations (effectively setting y u,c U = 0) the t − u system can be described by three independent physical parameters: two quark masses (m t , m u ) and a single (left-handed) mixing angle (θ tU ), which are defined as [34] tan(2θ tU ) = √ 2vy
In terms of these,
tU , where c tU ≡ cos θ tU and s tU ≡ sin θ tU . Presently, the most sensitive observable to nonzero s tU is the ρ parameter, which receives a new contribution of the form [34] 
where r ≡ m [10] yields a constraint on s tU as a function of the u mass as shown in Fig. 2 . While the modified top quark coupling to the Higgs boson and the presence of an additional heavy quark can in principle impact also loop induced Higgs decays, namely h → gg, h → γγ and h → Zγ, taking into account the above constraints on X u ij these effects turn out severely suppressed making it impossible in practice to distinguish the renormalizable model with a singlet vector-like up type quark from the SM in single Higgs production processes.
B. Non-renormalizable models
Extending the above renormalizible model with the leading dimension five operators containing the light SM fields and U L,R as the only dynamical degrees of freedom below a UV cut-off scale Λ, Yukawa interactions and mass terms in eq. (22) receive corrections which result in modified interactions between up-type quarks and the Higgs. One can manifestly preserve the exact mass diagonalization procedure of the renormalizable model by parametrizing the leading non-renormalizable contributions in terms of the replacement
plus an additional Higgs-dependent 'kinetic mixing' operator
After EWSB, the flavor structure of gauge interactions (and the associated bounds on X u ij ) in the renormalizable model is preserved and only the Higgs interactions in the mass eigenbasis receive new contributions of the form (8) where
R . Interestingly, even though X u has no observable effects on charged current interactions of quarks, one can derive an indirect bound on the diagonal entries of X u from CKM unitarity. Following its definition, The relevant modifications to R gg and R γγ in the up-type singlet scenario come from the modified top quark coupling and the presence of the additional heavy quark in the loop. In the limit m t,u m h , which is a good approximation here, the relevant numerical expressions are given by
where to order 1/Λ and including possible small t − u mixing
Above we have used the short-hand notation for c tU = cos θ tU , s tU = sin θ tU , where the (right-handed) mixing angle θ tU is defined via tan θ tU = (m t /m u ) tan θ tU . Thus, h → γγ and h → gg are highly correlated in this set-up. Note that at the one loop level and in the large m t,u limit, contributions of renormalizable interactions of t and u cancel exactly 7 , therefore, leading effects appear at order O(v/Λ). The resulting predictions in the up-type singlet scenario are presented by the continuous (blue) curve in the (R gg , R γγ ) plain in left plot of Fig. 1 . For concreteness we take |(c t 1 , c 2 )| /Λ ≤ 1 TeV −1 and m u ≥ 640 GeV as suggested by direct searches [35] (see also the related discussion at the end of this section). Also, we take the t − u mixing angle to be within the 95% C.L. experimental bound discussed above (s tU 0.2). From the fit to Higgs data we obtain the preferred parameter ranges for r y at 68% C.L. of r y = 0.86
−0.09 (when marginalizing over ∆γ) and r y = 0.87 ± 0.08 (when fixing ∆γ = 0). Interestingly, in both cases the fit slightly prefers r y < 1. We note in passing that after marginalising over r y in this scenario ∆γ is bounded as ∆γ < 0.75 at 95% C.L. , which in term implies |X u uu + X u cc |v/Λ < 0.022 . Finally, turning to the naturalness condition in (2), for the case of a single vector-like up-type singlet quark mixing with the top it reads
In the zero-mixing limit this leads to the prediction r y = 1 − (m t /m u ) 2 , independent of the cut-off scale Λ. Interestingly, present Higgs data (exhibiting a preference for r y < 1) are perfectly consistent with the naturalness condition. On the other hand, the Higgs fit results can also be interpreted in this context as imposing an indirect bound on the u mass of m u > 360 GeV at 95% C.L.
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It is instructive to compare the above constraint to results of direct experimental searches for up-type singlet vectorlike quarks. Interestingly, the most severe bound on u in the renormalizable model and assuming dominant but small u mixing with the top, m u > 640 GeV [35] is given by the ATLAS experimental search using the u → th decay signature.
In
)v/Λ. It is then easy to check that compared to u → tZ and u → bW rates, the 1/Λ corrections can in principle enhance the B(u → th) in the small s tU limit (in the extreme case B(u → th) = 1 the present bound is then strengthened to m u 850 GeV [35]) but cannot reduce it significantly below its value in the renormalizable model. However, if u does not dominantly decay to third generation quarks (but instead to first two quark generations), the current direct search constraints are relaxed dramatically (c.f. [38] ) and m u 300 GeV becomes a possibility. In summary, the Higgs fit already provides an interesting complementary constraint on scenarios with an up-type singlet vector-like quark cancelling the top-loop quadratic divergence to the Higgs mass. Although it is at present only marginally competitive with existing direct search bounds, it is far less sensitive to the hierarchy of mixings with the known three generations of up-type quarks (provided they are small). 
The mass matrices of up-and down-type quarks after EWSB have the form (23) 
On the other hand, now the entries of the hermitian matrix X d are experimentally severily constrained by their tree-level contributions to CKM non-unitarity and FCNCs in the down-quark sector and already preclude 7 Deviations from the large mass limit, as well as higher order perturbative corrections can upset this cancellation. However a recent study of gluon fusion production in the renormalizable model with a singlet vector-like top partner at NNLO in QCD [34] has found such effects to be tiny, only a few percent for maximal mixing. 8 For a comparison with the situation after the first Higgs data see [36] . C) . This leads to maximum allowed relative deviations from SM predictions for the decay channels h → bb, h → gg and h → γγ of 0.4%, 0.5% and −0.02%, respectively.
B. Non-renormalizable models
The leading higher dimensional modifications of Higgs interactions can again be most conveniently parametrized via the replacement
yielding new Higgs interactions in the mass eigenbasis of the form (8), where now X
ii lead to the following indirect bounds |X 
On the other hand, b − d mixing has negligible effects on the modifications to gluon fusion production and Higgs decay to two photons 
The mass matrices of both up-and down-like quarks after EWSB now have the form 
where r ij ≡ m i /m j . Left-handed and right-handed mixing angles are now related through tan θ ij = r ij tan θ ij . At the one-loop level, the u − d mass splitting (∆m Q ≡ m u − m d ) is constrained from EW precision measurements. In particular, Z → bb observables constrain the b − d and t − u mixing angles as shown in Fig. 5 (see appendix C for details). Together with a constraint from the ρ parameter, this gives the bound on ∆m Q as shown in Fig. 3 (the narrowest purple bands). 9 Taking all this into account (in particular discarding the fine-tuned solution for large negative ∆m Q ), we find (in accordance with [34] ) that the vector-like quark doublet with renormalizable couplings has unobservable effects in single Higgs production and decay processes.
At the non-renormalizable level, the doublet vector-like quark model offers a somewhat richer structure than the singlet examples. Namely, the introduction of dimension five operators allows to shift the vector-like mass independently for both isospin components of Q via the insertion of an iso-triplet combination of Higgs fields The narrowest purple bands apply to the renormalizable model, the middle orange band stands for the non-renormalizable model in the zero t − u mixing limit, while the broadest green band is for the non-renormalizable model with non-zero t − u mixing effects allowed by Z → bb data. The gray area marks the ATLAS experimental search bound on the renormalizable model using the u → th decay signature [35] .
Similarly, one can now introduce two new operators (via iso-singlet and iso-triplet Higgs field insertions)
− L
(1)
The two isospin breaking corrections (proportional to c − 1,2 ) now necessarily induce corrections to quark masses and mixings. In particular, the resulting changes to M u,d can be parametrized as
where
The only observable effect of these shifts is the breaking of correlation between the masses and mixing angles in the up-and down-type quark sectors , such that ∆m Q ≡ m u − m d becomes an independent free parameter, given in the zero-mixing limit (when y U,D = 0) solely by ∆m Q = v 2 c − 2 /Λ. At the one-loop level it will affect the ρ parameter as
where we have only kept the leading ∆m Q dependence. The resulting constraint is shown in Fig. 3 (in middle orange band). However, if we also include non-zero t − u mixing effects, marginalizing over the allowed values of s tU from Z → bb data we obtain a much weaker bound on ∆m Q shown in the uppermost (green) band in Fig. 3 . In our numerical evaluation we employ the full one-loop formula for ∆ρ, which can be found in Appendix D. We thus conclude that after including the contributions of leading higher dimensional operators, the isospin components of a TeV scale vector-like quark doublet can be split by as much as 30%. Although this has no observable consequences for Higgs phenomenology, it can have profound implications for direct u searches if the u → d W decay channel becomes kinematically allowed.
The new Higgs interactions in the mass eigenbasis are again of the form (8) , where now
]. They are thus constrained indirectly by bounds on
ii . Taking into account also the relation 
where to order 1/Λ and including t − u mixing
and
Taking into account the bound on t − u mixing, a good approximation for r x = 1 + s tU (c
. There is no correlation between R gg and R γγ in general, unless one imposes additional constraints on the parameters.
Therefore, the resulting predictions from the non-renormalizable model with a doublet vector-like quark are given by a region (dashed-black contour) in the (R gg , R γγ ) plane of Fig. 1 left, in the case when modification of ∆γ is allowed and R bb = 1, and on Fig. 1 right, when sizable modification of R bb is allowed as well. 10 We have assumed c Also in the unmixed isospin symmetric doublet scenario we can get ∆γ < 1.0 at 95% C.L. after marginalizing over r y and R bb . This implies |X
ss |v/Λ < 0.025. Conversely, marginalizing over r y and ∆γ, we get R bb < 2.1 implying |0.019 − X d bb v/Λ| < 0.036 . We have checked that these results remain stable even in presence of small t − u mixing and isospin breaking.
In this scenario, the Higgs mass naturalness condition reads
or equivalently r y = −(m t / √ 2m q ) 2 . This condition allows to put an indirect bound on the mass of q to be 390 GeV at 95% C.L. in the case of fixed R bb .
Turning to direct searches, the most severe bound on u in the renormalizable model with a doublet vector-like quark assuming dominant but small mixing with the third generation, m u > 790 GeV [35] is given by the ATLAS experimental search using the u → th decay signature. In the non-renormalizable model the relevant couplings are given by y tu = s tU c tU m u /v + s tU (s tU (c
It is then easy to check that again compared to u → tZ and u → bW rates, the 1/Λ corrections can in principle enhance B(u → th) in the small s tU limit but cannot reduce it significantly below its (6), (7)) from precision flavor and electroweak observables. All upper bounds are given at 95% C.L. For discussion of δX 
VI. CONCLUSIONS
We have systematically investigated the impact of dynamical vector-like quarks, accommodated within SM gauge representations and charges, on Higgs physics. In particular, we have considered the weak singlet up-type, singlet down-type and doublet vector-like quarks, potentially mixing with all three known generations of chiral quarks, and have updated the most relevant constraints on such scenarios from low energy flavour phenomenology and electroweak precision measurements. The resulting general constraints on the renormalizable and leading non-renormalizable quark-Higgs interactions are summarised in Tables II and III, respectively. Within the renormalizable SM extended by additional vector-like quarks, we have shown generally that Higgs couplings to the known three generations of quarks need to remain SM-like regardless of the extra quark masses. This feature is a consequence of the fact that precision flavour and electro-weak observables are affected by the mixing of vector-like and chiral quarks, some of them already at the tree level. Consequently, Higgs decay widths to light quark pairs, gg and γγ cannot deviate significantly from their SM predictions.
A singular feature of models with vector-like fermions is that non-renormalizable contributions sensitive to physics at the cut-off scale of the effective low energy theory appear already at dimension five. The inclusion of such higherdimensional operators is essential in models that aim to cancel dominant quadratic divergences to the Higgs boson mass coming from top quark loops with new fermionic contributions. Contrary to the renormalizable models (see however [39] ), they also predict interesting effects in Higgs phenomenology. We have investigated such contributions for all three types of additional vector-like quarks mixing with SM generations (see Fig. 1 ). The most important consequences for Higgs physics are possible significant enhancements in Higgs decay rates to pairs of light (uū, dd, ss, cc) quarks, which may still account for a significant fraction of the total Higgs decay width. This is possible due to a simultaneous strong modification of the Higgs production by gluon fusion gg → h (up to 50% deviation from SM predictions, while the h → γγ decay width can receive modifications up to 10%). Such a possibility could thus be tested by future more accurate determinations of vector boson fusion and (W , Z or tt) associated Higgs production.In addition, a possible modification of the Higgs coupling to b quarks in models containing down-type vector-like quarks
Section V B Table III : Compilation of constraints on additional Higgs couplings to SM quarks due to dimension five operators in models with vector-like quarks (see Eq. (8)). The off-diagonal couplings are bounded by low energy flavor observables, whereas upper limits on the diagonal ones were estimated from the fit to current Higgs data. All bounds are given at 95% C.L. For discussion of δX u tt constraints within up-type singlet and doublet vector-like quark scenarios see Sections III B and V B, respectively.
will be probed by future precise measurements of the h → bb decay.
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Interestingly, current Higgs data are perfectly consistent with (and even exhibit a slight preference for) the possibility that vector-like quarks contribute to the cancellation of the top loop quadratic divergence to the Higgs mass. Conversely in some cases, a fit to existing Higgs measurements under such an assumption already offers competitive and robust constraints on vector-like quark masses in comparison with results of direct experimental searches which need to rely on particular decay signatures. In the example of a weak doublet of vector-like quarks, we have shown that dimension five contributions allow to relax the stringent bounds on the mass splitting between the two isospin states. Consequently the decay of the heavier doublet component to the lighter one with the emission of a W boson may become kinematically allowed, affecting the relevant experimental signatures. More generally in presence of dimension five contributions, vector-like quark decay widths are naturally dominated by decay channels involving the Higgs. Future dedicated experimental searches for such particular signatures (as exemplified in [35] , see also [40] ) could thus shed light on the relevance of vector-like quarks in the solution to the SM hierarchy problem.
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Appendix A: CKM non-unitarity and Z mediated FCNCs in top quark production and decays
In absence of right-handed charged currents, experimental constraints on i=d,s,b |V
2 can be obtained from the measurements of the (t-channel) single top production cross-section (σ t ) at the LHC and the fraction of top decays to W b pairs in tt production (R). Assuming t → W q channels dominate the top decay width, to a very good approximation R is given by R |V 11 A direct determination of Higgs decays to charmed and light jets would also be enlightening in this respect.
we obtain the 95% C.L. lower bounds of
In models with up-type weak singlet vector-like quarks, |X ut | and |X ct | will contribute to FCNC top decays. Combined with σ t and R, the experimental bounds on B(t → Zq) can then be used to constrain |X ut | 2 + |X ct | 2 ≡ |X tu,tc |. The presence of these new decay channels in principle also needs to be accommodated in σ t and R by writing
takes into account the dominant phase-space difference in t → W q and t → Zq decays. In addition, searches for t → Zq typically assume B(t → W b) + B(t → Zq) = 1 and |V
In presence of |V L tb | < 1, the experimental results should instead be compared to
Including the recent ATLAS result B(t → Zq) exp < 0.73% [45] in our fit, we first observe that the presence of FCNCs has no observable effect on the results in eq. (A2). On the other hand, we can obtain an upper bound on |X tu,tc | < 0.14 at 95% C.L. .
Although the presence of right-handed charged currents complicates the analysis of top production and decays, a robust bound on |Y tu,tc | and also |V R tb | can nonetheless be obtained. To a good approximation namely in this case
and thus experimentally |V
In addition, the presence of V R tb will affect single top production as
where κ R 0.92 [46] . Finally, V R tb contributes to the positive W helicity fraction (F + ) in top decays as 
obtained using dispersive techniques [50] , as a 1σ upper bound. Neglecting the much smaller SM contributions, the X d ds contribution can be written as
Using the inputs for G F , masses and lifetimes from [10] and also f K = 155.37(34) MeV [9] we obtain Re(X sd ) < 1×10 −5
(the same result applies also to Y sd ) . Since much stricter bounds are expected on Im(X sd ) (Im(Y sd )) from the precise knowledge of K , we interpret the above values as conservative constraints also on the moduli of X sd and Y sd . In the B d sector, X bd contributes at the tree-level both to B d → µ + µ − , as well as in B 0 −B 0 mixing. Neglecting X bd loop level corrections due to CKM non-unitarity and dynamical vector-like quarks running in the loop, the B d → µ + µ − branching fraction can be written as
tb the relevant CKM combination and the SM Wilson coefficient given by
Here Y 0 is the relevant Inami-Lim loop function [51]
while η Y = 1.01 [52] parametrizes higher order QCD corrections. For the values of SM input parameters (in particular α em , s W and m t ) we follow the prescription of [52] , and we use f B = 190.6 ± 4.7 [53] . In the B 0 −B 0 system, the two most relevant observables are the mass-difference between the two B d mass eigenstates (∆m d ) and the CP violating phase in the mixing (β d ). Since the corresponding width difference
with the SM Wilson coefficient given by
Here again S is the relevant Inami-Lim loop function [51] S(x) = x 2 1 2 + 3 2
while η B = 0.939 [55] parametrizes higher order QCD corrections. In addition we use f [54] . In absence of CKM unitarity, we need to determine not only X bd but also the CKM combination λ t bd . For this purpose we use the radiative rate B → X d γ, which is unaffected by X bd at the tree-level. Although it receives non-standard contributions proportional to X bd due to CKM non-unitarity and extra down-type quarks in the loops, these are parametrically (loop) suppressed compared to tree-level effects in B d → µ + µ − and B 0 −B 0 mixing. Using the SM recent evaluation [56] 
and comparing it to the experimental result B(B → X d γ) [58] we thus obtain a bound on |X bs | < 1 × 10 −3 , which is again dominated by the muonic B s decay rate. The presence of vector-like weak doublet quarks induces right handed charged and neutral currents among SM quarks. The resulting flavor phenomenology is very rich and deserves a dedicated study. For our purpose however, it suffices to show that to a first approximation, one can actually neglect all terms coming from right handed charged current operators as well as the ones containing extra u , d quarks in the loops contributing to quark FCNCs. This requires some knowledge of the mixing matrices, which can be expressed through the parameters of the Yukawa sector in terms of an expansion in ratios of mass parameters, which enables us to connect the left and right handed mixing matrices. However, the approximation only holds if such an expansion is justified, as we will check a posteriori. First recall that the up-and down-like quark mass matrices in presence of a single vector-like quark doublet can be written in the form (41). Diagonalizing the products MM † and M † M one obtains the left and right mixing matrices, respectively, which we write in the form (c.f. [59] )
The mixing matrices between the vector-like and chiral quarks can most easily be obtained by starting from a basis of right handed chiral quarks, where y u,d y † u,d v 2 /2 are both diagonal, which can be done as the right handed chiral quarks are isosinglets. The mixing y U,D v/ √ 2 is bounded by the EW scale v, whereas the Dirac mass m Q is experimentally required to be larger. Taking thus v/M Q as the expansion parameter, it can be shown that, to first order in this expansion, both 4 × 4 right-handed rotation matrices schematically take the form Turning to the left handed sector, we can choose e.g. a basis of left handed quarks where y u is diagonal and real and use a unitary transformation to diagonalize y d . Then we proceed in a similar way as before, and we obtain that, to first nonvanishing order in
L from (B9) equal those matrices (no corrections to unity or unitarity). Combining the up and down rotations, the 3 × 3 upper left submatrix of V L takes the form
In order to obtain the matrix elements, one has to solve the equations
, where D q = diag(m q , m q ) are the diagonal mass matrices. In the process we require that the entries in U R ). Also, we assume that the corrections to the masses are small enough so that m q , m q are of order v and M Q , respectively. Consequently the equations for R
With the mentioned assumptions, one can neglect the first term in the above equation, obtaining R
R (see B10), the off-diagonal elements in the fourth row and column are of higher order as well, which makes K d L a unitary 3 × 3 matrix to second order in v/M Q . Consequently all right handed contributions, as well as corrections in the left handed sector are doubly suppressed in the loops of B s → µ + µ − and we can deduce a conservative bound on the FCNC's by neglecting the afore mentioned corrections, as we have done it in the vector-like singlet quark case. In fact, with the approximations made, the upper bound on |Y bs | is the same as the one on |X bs | in the down-type singlet case. The appearance of Z-mediated FCNC's is generically connected to modifications of diagonal Zff couplings. In the quark sector, such effects can be probed by direct measurements of the hadronic Z decay width, its heavy flavor decays, such as Z → bb, but also at low energies by e.g. atomic parity violation (APV) measurements. In general we can parametrize the chiral Zqq couplings in terms of
are given in ref. [60] . In our scenarios δG 
where the measured value deviates from the SM expectation by 1.5 σ [62]
For the singlet up-like vector-like quark, this constrains δX Additional constraints can be derived from direct Z →measurements presented in Table IV . In particular, the total Z decay width is given by
It incorporates the decays to leptons, where Γ lep = 251.7 MeV in the SM, decays into invisible particles (neutrinos), being Γ inv = 501.6 MeV in the SM, and the decays into hadrons. The hadronic width is the sum over the decays into all kinematically accessible quarks, that is all SM quarks but the top, Γ had = q Γ q . The partial Z-decay width to light quarks is given by
with radiator factors R q V and R q A and non-factorizable radiative correction parameters ∆ q EW,QCD given in [60] . The fractions of hadronic Z decays involving b quark pairs and c quark pairs are defined as Another interesting quantity is the hadronic e + e − cross section at the Z pole (σ had ). It can be written as
where Γ e = 84.005 MeV and M z = 91.1876 GeV. We perform a χ 2 fit of the data presented in Table IV in (6) . Now, we turn to specific models. In the singlet up-type vector-like quark model, tree level modification of δG u L and δG c L is possible. Taking into account the severe constraint on δX u uu = −0.0001(6) from CKM unitarity, δG u L has no significant influence in the fit. Therefore, we use the data to extract the best current constraint on δX u cc = −0.0020 (13) . The constraint comes essentially from three observables: R b , σ had and Γ z , which are more constraining than direct Z → cc measurements R c and A c F B . We calculate the individual contribution to ∆χ 2 from each observable in the points which are ±1 σ away from the best fit point. Contributions to ∆χ [34, 65] . The above expression is given in the x, x 1 limit and for small mixing angles. In our numerical evaluation we use the full one-loop expressions and do not assume small mixing angles, even though we note that the above approximations are fairly good. Using the available Z-pole data to fit s bD and s tU parameters, we present the results in the (s bD , s tU ) plane in Fig. 5 for fixed m u = 800 GeV. We have checked, however, that the results are mostly insensitive to the precise value of the u mass in the interesting region (500 GeV < m u < 1500 GeV). Marginalizing over s bD , we obtain |s tU | < 0.35 at 95% C.L. . 
The relevant loop functions are given by
while the new term which incorporates explicit effects due to O(1/Λ) non-renormalizable mass-splitting operators reads 
